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ABSTRACT

Author: Hodge, Kendra, C. Master of Science
Institution: Purdue University
Degree Received: August 2018
Title: Environmental and Genetic Considerations for the Conservation of an Arboreal Species:
Phascolarctos cinereus
Major Professor: J. Andrew DeWoody
Many factors have been shown to affect mating behavior (e.g. day length, age, genotype). For
instance, genes of the major histocompatibility complex (MHC) are known to influence mate
choice in a wide variety of vertebrate species. The genetic management of captive populations
can be confounded if intrinsic mate choice reduces or eliminates reproductive success between
carefully chosen breeding pairs. For example, the San Diego Zoo (SDZ) koala colony only has a
45\% copulation rate for matched individuals. In order investigate if MHC had an effect on
mating success in this population, we first had to characterize it in the koala, which we did via a
transcriptome study of immunologically important tissues (blood and spleen). Using
phylogenetic analyses, we identified 22 koala genes including toll-like receptors (TLRs), RIG-I
like receptors (RLRs), major histocompatibility complex (MHC) genes, and koala retrovirus
(KoRV). The full-length sequences we generated can serve as targets for future investigations
that aim to conserve koala populations. We then investigated various determinants of SDZ koala
mating success using breeding records (1984-2010): age, day length, and average pairwise
kinship, and MHC genotypes (52 individuals and four MHC markers). We quantified MHC
diversity according to functional amino acids, heterozygosity, and the probability of producing a
heterozygous offspring then used categorical analysis and logistic regression to investigate both
copulation and parturition success. Day length and dam age consistently had an effect on mating
success, however MHC did not. These findings may be leveraged to improve the success of
attempted pairs, conserve resources, and facilitate genetic management.
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CHAPTER 1: IMMUNOMICS OF THE KOALA (PHASCOLARCTOS
CINEREUS)

1.1 Introduction
Marsupial immunology has historically trailed behind that of eutherian mammals (Morris
et al. 2010) despite the fact that the marsupial immune system has the potential to enlighten us
about the evolution of mammalian immunity (Belov et al. 2007; Cifelli and Davis 2003). In
addition, the process of giving birth to underdeveloped young allows for a better understanding
of developmental immunity (Old and Deane 2000) and mechanisms of defense without an
adaptive immune system (Edwards et al. 2012). Finally, many marsupials are threatened or
endangered and effective conservation efforts often utilize immunological insights (Knobel et al.
2008; López et al. 2009). For example, in the case of the Tasmanian devil (Sarcophilus harrisii),
researchers determined the pattern of devil facial tumor disease transmission and developed a
diagnostic marker by large-scale sequencing (Murchison et al. 2010).
Traditional methods of studying the immunome require enormous amounts of preexisting resources such as binding arrays, isogenic lines, and microarrays (Braga-Neto and
Marques 2006; Sette et al. 2010). Such intensive resource requirements can limit the tractability
of immunomic studies. The advent of massively parallel sequencing technology has created the
potential to expand immunomics to non-model species via de novo genomics and
transcriptomics. Recent sequencing efforts have led to major advances in our understanding of
the marsupial immune system, but this work is restricted to a few key species (reviewed in Belov
et al. 2013; Morris et al. 2010).
One charismatic marsupial that could greatly benefit from immunologic research is the
koala (Phascolarctos cinereus). Wild koala populations are threatened by a variety of factors
including loss of habitat, car collisions, and domestic dogs (Lee and Martin 1988; Queensland
Government 2013). They are also threatened by infectious diseases related to koala retrovirus
(KoRV) and chlamydia. Four sub-types of KoRV (A, B/J, and C, D) have been identified that
each differ in their envelope genes and are believed to be involved in the development of
different diseases (Shimode et al. 2014; Shojima et al. 2013; Xu et al. 2013). The KoRV
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transcripts expressed in many koala tissues cluster into three main groups: two most similar to
KoRV-A and one most similar to KoRV-B (Hobbs et al. 2014).
KoRV is associated with high incidences of leukemia and lymphoma in the koala, and is
suspected to contribute synergistically to the high prevalence of chlamydial infection (Tarlinton
et al. 2005). The sexually-transmitted bacteria Chlamydia pecorum and C. pneumoniae together
infect as many as 85% of the individuals in some koala populations (Jackson et al. 1999).
Chlamydia can cause infertility and conjunctivitis (reviewed in Brown et al. 1987) and is thus a
major conservation priority; efforts to develop a vaccine are underway (Kollipara et al. 2012)
and have recently been met with success (Khan et al. 2014). Thus, transcriptomes of immune
tissues may ultimately assist efforts to control these diseases in wild koala populations. For
instance, MHC variants have recently been associated with susceptibility to chlamydial infection
(Lau et al. 2014a)
Recently, many studies aided in characterizing koala immune genes, but these have
focused on cytokines, glycoproteins, and immunoglobulins (Mathew et al. 2013a; Mathew et al.
2013b; Morris et al. 2014). Our goal was to characterize the receptor genes, specifically the
major histocompatibility complex (MHC), toll-like receptor (TLR), and RIG-I-like receptor
(RLR) gene families because of their potential to inform koala disease-related conservation
efforts and help to address koala reproductive success issues. All three of these gene families
encode receptor molecules that stimulate the initiation of an immune response against foreign
antigens (Klein 1986; Medzhitov et al. 1997; Creagh and O'neil 2006).
Classical MHC receptors recognize antigenic motifs and then activate adaptive immune
cells to initiate a specific immunological response, whereas non-classical molecules perform a
wide variety of different functions (Edholm et al. 2014; Klein 1986). Of additional interest is the
fact that MHC diversity within an individual often is associated with fitness characteristics (Lenz
et al. 2009; Von Schantz et al. 1996; Schaschl et al. 2012). MHC genes are also known to
influence vertebrate mate choice and reproductive success, both important considerations for
captive breeding programs (Bahr et al. 2012; Bos et al. 2009; Eizaguirre et al 2009; Potts et al.
1991). Recent studies on koala have greatly increased our understanding of their MHC genes
and their association with chlamydia (Houlden et al. 1996; Jobbins et al. 2012; Lau et al. 2013;
Lau et al. 2014a; Lau et al. 2014b). However most of these efforts are focused on a specific
portion (i.e., peptide binding region) of a given gene. Herein, we generated and annotated
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transcript sequences that code for complete proteins (or nearly so), as well as concurrently
survey other gene families of immunological and conservation interest.
TLRs and RLRs also play a role in disease susceptibility (reviewed in Netea et al. 2012;
Kato et al. 2006), suggesting that these pattern recognition receptors (PRRs) could also be
important for koala conservation. However, the majority of TLR and RLR characterization in
marsupials have been predicted from sequenced genomes (Daly et al. 2008; Mikkelsen et al.
2005; Murchison et al. 2012) as opposed to the transcriptomes where genes are actually
expressed. Both TLRs and RLRs target conserved pathogenic molecules and initiate both the
innate and adaptive immune responses (Kumar et al. 2011). The TLR family contains many
genes which recognize a wide taxonomic range of pathogens (Hopkins and Sriskandan 2005),
whereas the RLR family consists of only three members: Retinoic Acid-Inducible Gene 1 (RIGI), Melanoma Differentiation-Associated protein 5 (MDA5), and Laboratory of Genetics and
Physiology 2 (LGP2). The first two detect viral RNA, mainly via double stranded RNA
(Yoneyama et al. 2004) or the presence of phosphates at the 5’-end of single stranded RNA
(Pichlmar et al. 2006), whereas LGP2 is thought to have a regulatory function (Yoneyama et al.
2004; Yoneyama et al. 2005). Thus, investigation of these genes offers the most potential to
contribute to both disease-related and captive breeding conservation efforts.

1.2 Methods
1.2.1 Sample collection and preparation
Samples of koala spleen and buffy coat were collected from one and two individuals,
respectively, housed at the San Diego Zoo. The buffy coat consists mostly of leukocytes and
platelets whereas the spleen hosts a much more diverse repertoire of cells (e.g. leukocytes, Tcells, B-cells, plasmablasts, etc.; Mebius and Kraal 2005; Teetson et al.1983). Thus, we
predicted the spleen transcriptome would contain a large number of genes not expressed in the
buffy coat.
Briefly, the spleen was collected and immediately frozen from a koala euthanized due to
senescence (ISIS #: 501090). In contrast, whole blood (20-30 cc) was collected from two living
koalas during routine health exams (ISIS #: 504219 and 510113). The blood samples were
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centrifuged for 20 minutes at 2000 rpm (~900x g) and the buffy coat fraction was recovered by a
Pasteur pipet, stored in TRIzol (Life Technologies), and frozen. Samples were shipped to
Purdue University overnight on dry ice and stored at -80oC. RNA was extracted from the
samples using TRIzol and Direct-zol (Zymo Research) columns according to the manufacturer’s
protocols. RNA quantity and quality was evaluated by spectrophotometry, agarose gel
electrophoresis, and the Agilent 210 expert chip system.
1.2.2 Sequencing and Assembly
Roughly 5 μg of RNA was used to construct cDNA libraries via random hexamer
priming according to the Illumina TruSeq RNA sample preparation manual. The buffy coat
libraries were barcoded and pooled. The pooled buffy coat library and the spleen library were
then sequenced using one lane each of the Illumina HiSeq 2000 and HiSeq 2500 platforms,
respectively. The reads were filtered for quality (PHRED quality score >20, and length >30 bp).
Putative rRNA reads were removed using DeconSeq (Schmieder and Edwards 2011) and a
custom vertebrate rRNA database (created by extracting vertebrate rRNA sequences from
NCBI), and only the remaining reads were retained for further analysis. These reads from all
samples were pooled and assembled with Trinity using default parameters (Grabherr et al. 2011).
The quality of the transcriptome was assessed using BLASTn (E-value 1E-5; Plett et al. 2012)
and a group of genes highly conserved across eukaryotic species (Core Eukaryotic Genes
(CEGs) originally described in Parra et al. (2007).
1.2.3 Expression and Annotation
Reads for each sample were separately mapped back to the Trinity transcripts using
RSEM 1.2.0 (Li and Dewey 2011). RSEM read counts were used to filter rare transcripts and
likely errors caused by sequencing and assembly. We set a minimum threshold of >10 reads in
at least one individual. In an attempt to provide the best approximation of gene level expression,
transcripts and their associated reads were grouped at the subcomponent level. Transcripts
within a given subcomponent can be thought of as genes or close members of a gene family, as
they have high sequence similarity and may stem from the same genetic locus (Abdullayev et al.
2013; Grabherr et al. 2011; Sloan et al. 2014).
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The Trinity subcomponents were annotated using the Trinotate pipeline (Grabherr et al.
2011). Briefly, this pipeline searches the Trinity transcripts for open reading frames, BLASTs
the resulting protein sequences to the SwissProt database (NCBI), assigns GO terms based on the
associated BLAST hit, and searches the protein sequence for conserved (PFAM) domains. An
E-value cut off of 1E-5 for both the BLAST hit and the PFAM results was imposed. We focused
on the BLAST and PFAM hits because those portions of the Trinotate output best reveal the
potential function of a subcomponent. To compile the annotations of transcripts into an
annotation for the subcomponent, the BLAST and PFAM hits with the lowest e-values were
selected via a custom Perl script. The raw and trimmed reads were deposited into NCBI’s Short
Read Archive under the study number PRJNA275238. The vertebrate rRNA database (fasta
format), Trinity transcripts, and Trinotate output are available via the Dryad data depository
(http://dx.doi.org/10.5061/dryad.sc6bp).
1.2.4 Composition and Tissue Distribution
Custom Perl scripts and a custom MySQL database were used to harvest the GO terms
from Trinotate and to calculate their relative frequencies in the tissues. To identify likely
immune sequences, a subset of immune subcomponents was created by extracting all the child
GO terms organized within the “immune system process” GO term (GO:0002376). This was
accomplished using Matlab R2013a (www.mathworks.com/products/matlab/) and a custom
MySQL database. GO:0002376 is a Biological Process GO term, and as a result all of its child
GO terms are Biological Process GO terms as well. If at least 10 reads from a tissue mapped
back to a subcomponent, the subcomponent was considered present in the tissue.
In order to identify marsupial immune genes that may have greatly diverged from their
eutherian counterparts, we BLASTed the transcripts to the Immunome Database for Marsupials
and Monotremes (IDMM; Wong et al. 2011). We used both BLASTp and BLASTn to compare
the open reading frame and transcript sequences to the database. BLASTn results were only
considered if no BLASTp result was available. We retained only the sequences for which the Evalue of the marsupial blast hit was equal to or lower than that of the Trinotate blast hit. Using
the MySQL database, we extracted the Trinotate, read count, and tissue results for the sequences
that were not already categorized as immune by the GO term methods. We then compared the
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composition of the BLAST hits for our top components to the top transcripts from the recently
surveyed koala spleen transcriptomes excluding the rRNA transcripts (Hobbs et al. 2014).
1.2.5 Target Proteins
1.2.5.1 Characterization
Using the Trinotate annotations, we identified the transcripts most likely to belong to the
target gene families (MHC, TLR, RLR, and KoRV) by requiring transcripts to have a top
BLAST hit to the gene type and to contain the conserved domains characteristic of that gene
type. MHC sequences were required to contain alpha or beta domains (Klein 1986). TLR
sequences were required to contain a leucine-rich repeat domain and a Toll/interleukin-1 receptor
(TIR) domain (Medzhitov et al. 1997). RLR sequences were eliminated unless they contained
the characteristic DEAD/DEAH box helicase domain (Yoneyama et al. 2004). KoRV-env
sequences were required to have a viral envelope domain (Hanger et al. 2000). Each transcript
was classified by its top BLAST hit into a sub-group: TLR (2-10), RLR (RIG-I, MDA5, LGP2),
MHC (class-1 alpha, class-II alpha, class-II beta). The protein sequence of one subcomponent
(comp171079_c0) was too short to create a robust alignment, so it was removed from further
analysis. In order to help ensure we captured all KoRV sequences, we BLASTed the Trinity
transcripts to the KoRV genome (AF151794). We then calculated the percent of the
transcriptomes comprised of KoRV sequences by adding the FPKM values for all the KoRV
transcripts and dividing it by the total FPKM for the tissue, as in Hobbs et al (2014).
1.2.5.2 Phylogenetic Analysis
Reference sequences for the target receptor proteins were extracted from the Homologene
database (NCBI) with one representative per species. Non-eutherian mammals were poorly
represented in the Homologene database, so corresponding sequences for marsupial and
monotremes were extracted from NCBI. The platypus (Ornithorhynchus anatinus), Tammar
wallaby (Macropus eugenii), Tasmanian devil (Sarcophilus harrisii), and Gray short-tailed
opossum (Monodelphis domestica) were chosen because of their sequenced genomes, and the
other sequences were chosen to add taxonomic diversity. In order to increase confidence in our
identification of marsupial MHC genes, the reference sequences were selected from the literature
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(Belov et al. 2004; Belov et al. 2006; Miska et al. 2002; Slade & Mayer 1995). KoRV sequences
(subtypes A, B, and J) and sequences from another retrovirus (gibbon ape leukemia virus,
GALV) were extracted from NCBI (Ávila-Arcos et al. 2013; Shojima et al. 2013; Xu et al.
2013). Sequences were named following the conventions presented in Klein et al. (1990). A list
of the gene names and the corresponding sequence GI (NCBI) identification numbers, where
available, are presented in Online Resource 1. All Online Resources are available through the
published version of this chapter (doi: 10.1007/s00251-015-0833-6).
For each of the target genes or gene families, reference sequences and the transcripts
were aligned using Jalview 2.8.0b1 (Waterhouse et al. 2009) via MUSCLE and default
parameters. The alignment was then imported into MEGA 5.2.2 (Tamura et al. 2011) and a
neighbor-joining tree (i.e. initial tree) was built using default parameters. A “group alignment”
was created for the sequences of each putative gene clade from the initial tree, using Jalview,
MUSCLE, and default parameters, with one exception. In order to obtain a more accurate
alignment in the face of high sequence diversity among species, the MHC group alignments were
created using HMMER 3.1b (Eddy 2009) and appropriate PFAM seed alignments.
Working outward from inner nodes of the initial tree, the group alignments were
combined using COACH (Edgar and Sjolander 2004), which combines alignments by building a
Hidden Markov Model (HMM) of one alignment and aligning the second alignment to the first
using the HMM. Other sequences were incorporated in order to give better resolution to the
trees as needed. These included DCA and DCB (Belov et al. 2006), additional class-I sequences
from Tasmanian devil and Tammar wallaby (Cheng et al. 2012; Siddle et al. 2009), KoRV-C and
–D (Shimode et al. 2014; Shojima et al. 2013), and three representative KoRV sequences and
one full MHC class I sequence (which we named KoRV-Ah, KoRV-Bh, KoRV-Dh and PhciUDh) from Hobbs et al. (2014). Finally, in an attempt to characterize four presumptive MHC
class I sequences which clustered outside of the mammalian clade, three Homologene gene
groups and their available marsupial/monotreme counterparts were integrated into the alignment
based on their BLAST similarity to the outlying sequences: major histocompatibility complex
class I-related protein (MR1), hemochromatosis protein (HFE), and alpha-2-glycoprotein 1 zincbinding protein (AZGP1).
The ends of the final alignment were trimmed, if necessary, and then the alignment was
imported into PROTTEST 3.2 (Darriba et al. 2011) to determine the best substitution model to
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use for phylogenetic analysis. This model and the alignment were used to create a maximum
likelihood (ML) tree and a neighbor-joining (NJ) tree via MEGA 5.2.2 using default parameters
and a partial deletion threshold of 95%. We used a threshold of 65% identity for the KoRV
alignment due to the small number of KoRV sequences available. Not all of the parameters
available for the ML model were available for the NJ analysis so only those that were available
were used to create the NJ tree (see Online Resource 2 for details).
Sequence names were assigned, when possible, following the nomenclature suggested by
Klein (1990) and based on phylogenetic relationships. However, we caution that MHC
taxonomy is complicated, especially in the case of MHC class I sequences (Cheng et al. 2012;
Houlden et al. 1996; Siddle et al 2009), and we have not systematically validated the orthology
of these sequences. The full and trimmed protein alignments as well as the ML and NJ trees are
also available via the Dryad data depository (http://dx.doi.org/10.5061/dryad.sc6bp).
1.2.5.3 Sequence Diversity
All reads that uniquely mapped the transcripts of the target proteins (i.e., those used in the
phylogenetic analysis) were extracted. SNPs were then identified using SAMtools 0.1.18 (Li et
al. 2009) using parameter and quality filtering as in Yu et al. (2014) and GATK 3.1.1 (McKenna
et al. 2010) following the program’s “calling variants in RNAseq” workflow (Van der Auwera
2014). The SNPs identified by both programs were then evaluated manually, using IGV 2.3.34
(Robinson et al. 2011) and required to have a quality score greater than 20. A custom PERL
script was then used to determine if each SNP was located in an open reading frame (ORF) and if
so, to determine if the substitution was synonymous or non-synonymous with regards to the
inferred amino acid sequence.
1.3 Results
1.3.1 Sequencing and Assembly
The Illumina sequencing resulted in a combined total of 593,218,772 reads that
corresponded to 59.9 gigabases of sequence data. Quality filtering reduced the dataset to
582,995,396 reads and 58.3 gigabases of sequence data. After the removal of rRNA sequences,
282,364,676 paired-end reads and 1,649,082 unpaired-end reads remained for assembly. The
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overall Trinity assembly (i.e., the entire dataset combined across all libraries) resulted in 332,344
transcripts with a mean sequence length of 1,054 nt, an N50 of 2,758 nt, and an average depth of
761 reads. These transcripts were grouped into 242,887 subcomponents (Table 1). Our overall
assembly contained 94.5% of the expected CEGs, a value indicative of quality transcriptomes
(Plett et al. 2012).
1.3.2 Expression, Annotation, and Tissue Distribution
Of the 282,364,676 paired end reads, 89.6% were successfully mapped back to the
Trinity transcripts using RSEM. Of the 332,344 Trinity transcripts, 115,902 (34.9%) met the
abundance cutoff of at least 10 reads in one individual. These transcripts were condensed into
70,249 subcomponents (Table 1), and 11,370 (16.2%) of these subcomponents possessed at least
one transcript that was descriptively annotated via the Trinotate pipeline (Table 2).
Of the annotated subcomponents, most (9,847) were expressed in both tissues, 1,520
were present only in spleen, and 3 were present only in buffy coat (Table 2). For the most part,
this pattern held across all three categories of GO terms and across the subset of subcomponents
related to immune processes (Table 2). The full list of subcomponent annotations and GO terms
are included in Online Resources 3 and 4, respectively, but herein we discuss only the 25 most
abundant of each (Tables 3 and 4 respectively). The majority of the most abundant
subcomponents and GO terms were present in both tissues. Most (20/25) of our top
subcomponents are also present in the top spleen transcriptome sequences (Hobbs et al. 2014).
Of the 11,370 annotated subcomponents, 1,078 (9.5%) possessed an immune GO term: 987
present in both tissues, 90 unique to spleen, and 1 unique to buffy coat. There were 278 immune
GO terms present in the Trinotate analysis. Of these, none were unique to the buffy coat, 23
were unique to spleen, and 255 were present in both tissues (Table 2). Twelve of the top 25 most
abundant subcomponents were identified as immune related by our analysis (Table 3), in contrast
to only two of the top 25 GO terms (Table 4). Using the IDMM, we identified an additional 247
immune subcomponents with read counts ranging from 164,434 to 11 (Online Resource 5).
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1.3.3 Target Proteins
1.3.3.1 Characterization and Phylogenetic Analysis
We identified transcripts from each of our four targeted gene families (Table 5). All of
the TLR, RLR, and MHC transcripts were identified as immune-related by our pipeline, whereas
the KoRV proteins were not (Table 5). No additional target subcomponents were identified
using the IDMM (Wong et al. 2011). With the exception of TLR-1, transcripts suspected to
belong to each sub-group of all three of the targeted gene families (TLR, RLR, and MHC) were
detected. The expression levels varied greatly between and even within gene families. For
instance, MHC-I-alpha gene expression levels ranged from 467,225 reads to only 14 reads, while
RLR genes ranged from 7,866 to 1,193 reads.
We identified koala transcripts similar to TLRs 2-10. However, we did not find koala
counterparts to TLR-1 or TLR-13, the former of which is widely conserved in many species,
while the latter appears to be present in other marsupials (Fig. 1). Phylogenetic analysis of the
TLR sequences (see Fig. 1) agreed with Roach et al. (2005) in that each gene had only one
homologous koala sequence and the genes grouped into the same six TLR families. We also
characterized three koala RLR transcripts, each a suspected counterpart to a different member of
the RLR family. The three distinct RLR gene clades (Fig. 2) provide good evidence supporting
the homology of each RLR gene (RIG-I, MDA5, LGP2) across marsupial and eutherian mammal
species.
Aligning the MHC sequences proved difficult due to their renowned hyper-variability
(Klein 1986; Mungall et al. 2003; Promerová et al. 2009). Although our analysis did not allow
us to confidently resolve the relationships between clades (Fig. 3 and 4), we were able to group
the subcomponents (even partial sequences) into clades that may be viable targets for further
investigations.
Our phylogenetic analysis of the MHC class I alpha genes supports the idea that
marsupial genes are more closely related to each other than they are to their eutherian
counterparts (Cheng and Belov 2014; Houlden et al. 1996). We are confident in our
characterization of koala UK and MRC1 genes (Fig. 3), which are conserved in the marsupial
and mammalian lineages, respectively (Cheng and Belov 2014). We also identified three
additional MHC class I alpha sequences: one likely classical (Phci-UB), one presumptively non-
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classical (Phci-UE), and one partial sequence (Phci-UD) that had a perfect match in the dataset
of Hobbs et al. (2014). Finally, we identified three sequences that fall outside of the MHC classI clade and cluster with the marsupial and monotreme AZGP1 sequences.
Koala counterparts of both the alpha and beta chains were characterized for the marsupial
MHC class II genes that are well known (DA, DB, and DM) and one that is infrequently studied
(DC; Fig. 4). Our phylogenetic analysis of the class II sequences supported two previously
established relationships. First, marsupial class II alpha genes are more closely related to their
eutherian counterparts than they are to each other (Fig. 4a; Slade and Mayer 1995). Second, the
class II beta chain genes cluster separately for marsupial and eutherian mammals, with the
exception of the non-classical DMB (Fig. 4b; Belov et al. 2004; Miska et al. 2002).
Our assembly contained not only koala sequences, but also highly expressed sequences
from non-target species. The fifth top expressed subcomponent, comp182175_c0, was annotated
as a viral envelope protein. This subcomponent is composed of two unique transcripts (KoRV-3
and KoRV-6), each of which BLASTn back to the KoRV envelope glycoprotein with an E-value
of 0. This subcomponent was highly expressed in both spleen and buffy coat samples. Both
KoRV-3 and KoRV-6 appear most closely related to KoRV-D and KoRV-C (Fig. 5), and are
concordant along most of their length, however, there are mismatches between bases 86 and 168
of the alignment (see Fig. 6). In this region, KoRV-6 is identical to KoRV-A whereas KoRV-3
is identical to KoRV-C. This region can also be used to differentiate between the three
representative sequences from Hobbs et al. (2014), with each sequence being identical or nearly
so to either the A, B, or D subtypes.
We identified one subcomponent (comp181572_c6), which was comprised of transcripts
that BLASTed back to both the KoRV pol and gag genes. This subcomponent was not included
in the phylogenetic analysis, as our intent was to focus on the envelope gene due to its diversity
between sub-types. However, it was used to calculate the percent of KoRV transcripts in the
different tissues, which ranged from 0.02% to 0.37% in buffy coat and spleen respectively.
1.3.3.2 Sequence Diversity
Fifty-six potential SNPs were identified in the transcripts of the target categories, with 16
(28.6%) occurring outside of the open reading frames, 20 (35.7%) silent substitutions, and 20
(35.7%) non-synonymous amino acid substitutions (Table 6). Details of each potential SNP
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location and individual genotypes are contained in Online Resource 6. Most of the putative SNP
sites (34) were found in MHC sequences followed by KoRV (12), TLR (8), and RLR (2). The
only target groups with ambiguous SNPs were MHC (28) and KoRV (11) (Table 6).
1.4 Discussion
Our primary objective was to characterize the koala immunome with special focus on
TLR, RLR, MHC, and KoRV proteins. Evidence from contig length (N50), contig depth, and
CEG analyses suggest that our overall assembly is robust and well represents the transcripts
expressed in koala spleen and buffy coat. However, we note that multiple transcripts within a
subcomponent can represent either alternatively spliced transcripts or assembly artifacts/errors,
so future research will be required to empirically validate all of our in silico constructs. Many of
the apparent transcripts are not associated with immune function (Online Resource 2), but those
that are could be of conservation interest.
1.4.1 Composition and Tissue Distribution
Our koala transcriptomes and the spleen transcriptomes from Hobbs et al. (2014) are not
directly comparable due to differences in methodology. Even so, the transcriptomes are
reasonably similar as demonstrated by the considerable overlap of the top components (Table 3).
The most abundant subcomponent (hemoglobin subunit) and the top five GO terms (iron ion
binding, heme binding, oxygen binding, oxygen transporter activity, and hemoglobin complex)
indicate the close affiliation of these tissues with blood (Tables 3 and 4). However, these tables
also reveal the strong immunological function of the spleen and buffy coat (MHC,
immunoglobulin, immune response GO terms etc.). Additionally, the high read counts of rRNA
transcripts reveal that DeconSeq filtration may have decreased the proportion of rRNA
molecules in the dataset, but by no means removed them all.
Many more gene subcomponents were represented in spleen, likely due to the more
diverse cellular repertoire of the spleen compared to the buffy coat (Table 2). However, there
was substantial overlap between the two tissues and most importantly, all except three of our
target subcomponents were present in both tissues and the expression of those three
subcomponents was relatively weak compared to the others (Table 5).
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1.4.2 Target Proteins
1.4.2.1 Characterization and Phylogenetic Analysis
Most of the target subcomponents (~83%) were full length, or nearly so, which increases
the value of these immunologic resources for marsupial researchers. There were some
potentially important subcomponents composed only of partial transcripts that did not code for a
full-length protein (e.g. MDA5, MHC-DBB, MHC-DCA, UD, and AZGP1c). Nevertheless,
these transcript sequences are still valuable. For example, the MDA5 subcomponent is the first
documented koala MDA5 sequence and supports the expression of this gene in marsupials.
The full-length TLR and RLR sequences represent the first characterization of these
genes in the koala and are the first transcribed products of these genes to be analyzed in a
marsupial (with the exception of partial TLR-4 sequences from Macropus eugenii; Daly et al
2008). TLRs and RLRs are thought to work together to trigger an immune response, but
different cells rely more heavily (or exclusively) on the different mechanisms (Creagh and
O'Neil 2006; Kato et al. 2006). The characterization of these genes opens an avenue of research
for combatting KoRV and Chlamydia that has yet to be explored.
Figure 1 demonstrates the absence of TLR-1 and TLR-13 from the koala transcripts,
which is intriguing. TLR-1 is found in many of the eutherian and non-mammal reference species,
and TLR-13, while not found in many eutherian mammals except rodents (Roach et al. 2005), is
found in other marsupials, namely the Gray short-tailed opossum and the Tasmanian devil (Fig.
1). A BLAST search of reference TLR-1 and TLR-13 sequences against the koala transcripts
from Hobbs et al. (2014) yielded no matches. Since TLR-1 is ubiquitously expressed (Hopkins
and Sriskandan 2005) and TLR-13 is expressed in spleen, both of the koala transcriptomic
surveys should have been able to detect their expression if present. The lack of transcription
could be due to a mutation in the regulatory sequences or even loss of the gene in the koala or
one of its ancestors. Analysis of the koala genome would help to better determine the cause of
this repression or lack of expression.
Our phylogenetic analyses of TLRs and RLRs support the high sequence conservation of
these genes between distant species and confirm relationships revealed in previous studies
(Roach et al. 2005, Zou et al. 2009). However, our analysis provided better phylogenetic
resolution of these immune receptors due to the inclusion of a wider range of marsupial and
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monotreme species. As a result, we were able to detect a separation between eutherian and
marsupial mammals within each gene clade, which could indicate differential selective pressures
between the two infraclasses or could simply reflect greater shared ancestry.
This is the first survey to thoroughly characterize the entire MHC repertoire expressed in
koala tissues. Many marsupial and koala MHC sequences are available in the databases, but
most are focused on a specific portion—mainly the peptide binding region—of a given gene
(Houlden et al. 1996; Jobbins et al. 2012; Lau et al. 2013, Siddle et al. 2007). The full-length
protein coding sequences reported herein can be used to improve marsupial gene prediction
models and to identify differences from eutherian models. They also have the potential to help
separate duplicated loci of each MHC gene and even lead to the development of locus-specific
primers for MHC genotyping, especially once the koala genome becomes publicly available.
With the recent discovery of the association between certain koala MHC alleles and chlamydial
antibody production (Lau et al. 2014a), future research is likely to be of high priority and our
sequences have the potential to aid in these efforts.
Figure 3 demonstrates differential clustering of marsupial and eutherian MHC class I
alpha genes and the conservation of MR1 in mammals. These findings are consistent with the
current literature (Cheng and Belov 2014; Cheng et al. 2012; Miska et al. 2002; Siddle et al.
2009). In addition to Phci-MR1 and Phci-UK, we found six other subcomponents. Phci-UB is
likely classical due to its high level of expression and its close association with another classical
sequence Trvu-UB (Table 5; Fig. 3), whereas Phci-UE is considered to be non-classical due to its
very low expression and its position in an exclusively non-classical clade (Table 5; Fig. 3). PhciUD has the lowest expression of all the MHC class I sequences (table 5), which would seem to
indicate that it may perform a non-classical function. However, it is possible that the low
coverage may be due to the fact that it is only a partial sequence, so it was classified as unknown.
Finally, we identified three outlying sequences that are most closely related to AZGP1. These
subcomponents are interesting candidates for further research as the marsupial/monotreme
sequences cluster together well outside the eutherian AZGP1 genes (with the exclusion of the
Tasmanian devil, which could be indicative of differential selection or function between the two
groups).
The phylogenetic analysis of the MHC class II sequences supports the current
understanding of the potential orthologous relationship of the alpha chain genes between
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eutherian and marsupial mammals and the lack of such a relationship for the beta chains genes,
with the exception of the non-classical DMB gene (Fig. 4b, Belov et al. 2004; Slade and Mayer
1995). In addition, we also identified putative MHC class II DC genes (both alpha and beta) in
the koala (Fig. 4). These genes are historically poorly described in the literature but are
presumed to be classical antigen-presenting molecules (Belov et al. 2006). Even though they
show no sequence diversity in our conservative approach (Table 5), further investigation of these
genes is warranted to evaluate their population level diversity compared to MHC-DA and MHCDB genes.
The presence of KoRV genes in the transcriptome is unsurprising as KoRV has integrated
itself into the koala germ line (Tarlinton et al., 2006) and been isolated from koala transcriptome
sequences (Hobbs et al. 2014). Even though we expected to detect exogenous sequences (see
DeWoody et al. 2013), we were surprised that a viral expression was so high in animals that
exhibited no obvious health problems. This finding, in combination with studies showing KoRV
is positively correlated with leukemia and leaves koalas more vulnerable to secondary infections
like chlamydia (Tarlinton et al. 2005), suggests the need for further KoRV research.
The clustering of the KoRV transcripts with KoRV-C and KoRV-D is also not surprising
as these sub-types are suspected descendants of the KoRV-A type (Shimode et al. 2014). The
alignment in the region between nt 86 and 168, suggests that the KoRV transcripts expressed in
our samples may be of the KoRV-A and KoRV-C types (Fig. 6). This region comprises an area
of the protein suspected of binding to the host receptor, Variable Region A, which is known to be
divergent between the types of KoRV (Shimode et al. 2014). Additionally, of the two KoRV-A
group representatives described in Hobbs et al. (2014), one of them is nearly identical to KoRVD and the other is very similar to KoRV-A in this region, which explains the separation of the
two groups. No KoRV-B/J transcripts were detected in our data. These results are not
unexpected, as KoRV-A is endogenous, highly expressed, and has been detected in San Diego
Zoo koalas (Tarlinton et al. 2005; Tarlinton et al. 2006; Xu et al. 2013). On the other hand,
KoRV-J has not been detected in American zoos and KoRV-B has been detected in koalas at the
Los Angeles Zoo, but not in those at the San Diego Zoo, (Shojima et al. 2013; Xu et al. 2013).
The absence of KoRV-B/J in our samples is reassuring as KoRV-B/J type is suspected of being
involved with serious health issues (i.e. leukemina). However, further testing with more
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individuals and type specific primers would be required to confidently assert absence of the subtypes in the San Diego population.
1.4.2.2 Sequence Diversity
The use of only three individuals from a captive population and our conservative
methods, likely resulted in conservative diversity estimates. Even still, the MHC transcripts
contained much higher sequence diversity than either TLRs or RLRs in terms of both total SNPs
and average SNPs per transcript perhaps because of different selection regimes for receptor
diversity.
At least some of the ambiguous SNPs are likely due to the bioinformatic combination of
similar loci into a single transcript, as evidenced by the occasional appearance of more than 2
haplotypes within an individual. In addition, there is support for multiple copies of each of the
genes with ambiguous SNPs either directly in koala (Hobbs et al. 2014; Houlden et al. 1996;
Jobbins et al. 2012; Lau et al. 2013) or in closely related marsupials, such as the Tasmanian devil
and the Tammar wallaby (Cheng et al. 2012; Siddle et al. 2011). It can be extremely difficult to
separate these loci due to many factors, such as high levels of polymorphism, gene duplications,
and alternative transcripts. For instance, Phci-UB has the most read coverage of any of the MHC
subcomponents (Table 5), and though only one SNP passed all of our filters, there were many
other potential SNPs and the appearance of more than 2 “haplotypes” per individual. Combined
with the fact that the marsupial classical MHC-I alpha genes are often similar in sequence
(Miska et al. 2004; Siddle et al. 2009), it reasonable to suspect that this transcript may be
comprised of reads from multiple loci.
On the other hand, although none of the koala AZGP1 sequences showed any diversity in
our analysis, there are three separate but closely related transcripts, which may indicate a more
complex function than originally expected. AZGP1 seems to have a wide variety of functions,
from tumor suppression to regulating the creation of melanin to RNase properties (reviewed in
Hassan et al. 2008). This may explain the presence of multiple transcripts and also increases its
value as a candidate for future research. However, another possibility is that any number of
these transcripts may be more closely related to a sequence that is not included in the
phylogenetic analysis. This is unlikely, however, as the top BLAST hit for each of the outlying
sequences was used to determine which additional gene groups to incorporate into the alignment.
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The use of genomic sequence could prove invaluable to understanding the above-mentioned
genes in the future.
Genetic diversity in MHC, TLR, and RLR genes has been linked to variability in disease
susceptibility (Kato et al. 2006; reviewed in Netea et al. 2012; Paterson et al. 1998). For this
reason, the SNPs located within the koala MDA5 and TLRs 8-10 may be of particular interest for
future research. Furthermore, different KoRV sub-types are thought to be involved in different
diseases (Xu et al. 2013; Shojima et al. 2013). Therefore, further research on these genes may
prove invaluable to koala conservation efforts focused on Chlamydia and KoRV-associated
diseases such as leukemia.
1.4.1 Conclusions
In conclusion, we characterized over a quarter million koala transcripts, including TLR,
RLR, and MHC receptors that may be immunologically important. We also detected a
presumptive retroviral sequence (KoRV) that was highly expressed even though two of the three
sampled koalas exhibited no health problems. Our sequence data provide initial snapshots into
the diversity of each gene family, and not surprisingly indicate that MHC genes are more
polymorphic than either RLRs or TLRs. Ultimately, our dataset should support worldwide koala
conservation efforts that are associated with pathogens.
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1.5 Figures

Figure 1.1. Phylogenetic analysis of the toll-like receptors (TLRs) of various species.
The final alignment was created by using COACH to combine the TLR gene group alignments
(created via MUSCLE). Editing of this alignment and creation of the Maximum Likelihood tree
was completed using Jalview 2.8.0b1 and MEGA 5.2.2, respectively. Only the branches with
bootstrap (n = 1,000) support of 50 or more are shown below. Each major TLR family defined
in Roach et al. (2005) is represented with a different symbol: TLR-1 with triangles, TLR-3 with
open circle, TLR-4 with solid circles, TLR-5 with solid squares, TLR-7 with diamonds, TLR-11
with open squares. The sequences are named with the first two letters of the genus and species
in front of the gene name as in Klein et al. (1990). The transcripts generated from this study are
marked in grey.

19

Figure 1.2. Phylogenetic Analysis of the RIG-I like receptors (RLRs) of various species.
The final alignment was created by using COACH to combine the RLR gene group alignments
(created via MUSCLE). Editing of this alignment and creation of the Maximum Likelihood tree
was completed using Jalview 2.8.0b1 and MEGA 5.2.2, respectively. Only the branches with
bootstrap (n = 1,000) support of 50 or more are shown below. Naming and marking follow the
conventions used in Fig. 1.1.
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Figure 1.3. Phylogenetic Analysis (Maximum Likelihood) of the Major Histocompatibility
Complex (MHC) class I genes of various species.
The final alignment was created by using COACH to combine the MHC gene group alignments
(created via HMMER and PFAM seed alignments). Editing of this alignment and creation of the
Maximum Likelihood tree was completed using Jalview 2.8.0b1 and MEGA 5.2.2, respectively.
Only the branches with bootstrap (n = 1,000) support of 50 or more are pictured below. MHC
class I alpha chain sequences from each subgroup were analyzed separately to facilitate more
accurate alignments in the face of high diversity. Classical, non-classical, unknown, and MHCrelated genes are represented by circles, squares, diamonds, and triangles respectively. Koala
(from this study), marsupial/monotreme, eutherian, and non-mammalian vertebrate sequences are
represented by light grey, dark grey, black, and open symbols respectively.
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Figure 1.4. Phylogenetic Analysis (Maximum Likelihood) of the Major Histocompatibility
Complex (MHC) class II genes.
The final alignment was created using COACH to combine the MHC gene group alignments
(created via HMMER and PFAM seed alignments). Editing of this alignment and creation of the
Maximum Likelihood tree was completed using Jalview 2.8.0b1 and MEGA 5.2.2, respectively.
Only the branches with bootstrap (n = 1,000) support of 50 or more are pictured below.
Sequences from each subgroup were analyzed separately to facilitate more accurate alignments
in the face of high diversity and are represented in the trees below. A) MHC class II alpha chain;
B) MHC class II beta chain. Eutherian and non-mammal sequences are represented by open
shapes, while marsupial/monotreme sequences are represented by black solid shapes, whereas
koala sequences are represented by grey solid shapes. Additionally, each gene clade is
represented with a different symbol.
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Figure 1.5. Phylogenetic Analysis of the Koala retrovirus (KoRV) of various species
The final alignment was created by using COACH to combine the KoRV and GALV gene group
alignments (created via MUSCLE). Three representative sequences (Ah, Bh, and Dh) from
Hobbs et al. (2014) were integrated into the alignment. Editing of this alignment and creation of
the Maximum Likelihood tree was completed using Jalview 2.8.0b1 and MEGA 5.2.2,
respectively. Only the branches with bootstrap (n = 1,000) support of 50 or more are pictured
below. The transcripts generated from this study are marked in grey, and each virus clade is
represented with a different symbol.
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Figure 1.6. Alignment of KoRV protein sequences
KoRV subtypes A, B, C, D and J were retrieved from NCBI, whereas KoRV 3 and 6 are
transcripts identified in this study. The final alignment was created by using COACH to combine
the KoRV group alignments (created via MUSCLE). Editing of this alignment was completed
using Jalview 2.8.0b1. Three representative sequences (Ah, Bh, and Dh) from Hobbs et al.
(2014) were integrated into the alignment. Dots represent consensus while dashes represent
gaps. KoRV 3 and 6 are identical along most of their length except for a region between nt 86
and 168 of the alignment. In this region, KoRV-6 is identical to the KoRV-A whereas KoRV-3
is identical KoRV-C.

1.6 Tables
Table 1.1. Summary statistics for sequencing and transcriptome assembly.
Raw reads refer to those directly from the sequencer; filtered reads are those that meet the minimum quality score and length;
DeconSeq removes reads derived from ribosomal RNA. Trinity assembles reads into transcripts grouped into subcomponents. “N50”
is median transcript length. “Sequence depth” was calculated by aligning reads back to the Trinity transcripts using RSEM. For
Trinity analysis, “Raw” refers to all of the transcripts output by the program, whereas “Filtered” refers to the transcripts which meet a
minimum abundance threshold of 10 reads in at least one sample.
Illumina Output
Individual

Tissue

# Reads
(Million)

DeconSeq

#

Max

# Paired

# Unpaired

#

Mean

Bases

Length

Reads

Reads

Transcripts

Length

(Gb)

(bp)

(Million)

(Million)

(Thousand)

(bp)

501090 - Raw

Spleen

215

22

101

504219 - Raw

Buffy Coat

159

16

101

510113 - Raw

Buffy Coat

220

22

101

593

60

101

Total - Raw
501090 - Filtered

Spleen

210

21

99

504219 - Filtered

Buffy Coat

155

16

99

510113 - Filtered

Buffy Coat

217

22

99

583

58

99

Total - Filtered

Trinity

282

2

N50
(bp)

Mean

# Sub-

Depth

components

(Reads)

(Thousand)

332,344

1,054

2,758

761

242,887

115,902

1,815

3,116

2,176

70,249
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Table 1.2. The number of subcomponents or gene ontology (GO) terms in each tissue.
“All” subcomponents refer to those meeting the minimum read requirement (10 reads in at least
one individual). Presence in a tissue was also determined by at least 10 reads in a tissue.
“Annotated” refers to subcomponents possessing a BLAST or PFAM hit from the Trinotate
analysis pipeline. “Immune subcomponents” refer to those that either possess at least one child
of the “immune system process” GO term (i.e. Immune GO terms)—indicated in the “Trinotate”
column—or have a BLAST hit to the Immunome Database for Marsupials and Monotremes with
an equal or lower E-value than the Trinotate BLAST hit—indicated in the “IDMM” column.
“BP”, biological process; “CC”, cellular subcomponent; “MF”, molecular function.
All Subcomponents

both
tissues
buffy
coat only
spleen
only
Total

Immune

GO Terms

Components

All

Annotated

Trinotate

IDMM

All

BP

CC

MF

Immune

19450

9847

987

186

9939

6385

1021

2533

255

1734

3

1

0

1

1

0

0

0

49065

1520

90

61

1148

851

43

254

23

70249

11370

1078

247

11088

7237

1064

2787

278

Table 1.3 The most highly expressed subcomponents in the koala transcriptomes.
“Read Count” refers to the number of reads mapped back to the subcomponent from all samples. Immune subcomponent refers to
those that possess at least one child GO term of the “immune system process” and are marked in grey. The “Tissue” column refers to
the library or libraries to which mapped at least 10 of the subcomponent’s reads. “BC” stands for buffy coat. The “Hobbs Spleen”
column indicates whether a similarly annotated sequence can be found in the 100 top expressed sequences from the spleen libraries
presented in Hobbs et al. (2014).
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Table 1.4. Gene ontologies of the most highly expressed transcripts.
“Read Count” refers to the number of reads mapped back from all tissues (via RSEM) to the
subcomponents possessing a given GO term. "Frequency” refers to the number of times the GO
terms appears in the Trinotate output. An immune GO term refers to a GO term, which is a child
of the “immune system process” GO term, and these are marked in grey. The “Tissue” column
refers to the library or libraries to which mapped at least 10 of the subcomponent’s reads. “BC”
stands for buffy coat.
ID
GO:0005506
GO:0020037
GO:0019825
GO:0005344
GO:0005833
GO:0005634
GO:0016021
GO:0005886
GO:0005737
GO:0046872
GO:0005829
GO:0005576
GO:0005524
GO:0008270
GO:0006955
GO:0006351
GO:0003677
GO:0003735
GO:0003723
GO:0003823
GO:0045087
GO:0006412
GO:0005739
GO:0005730

Description
iron ion binding
heme binding
oxygen binding
oxygen transporter activity
hemoglobin complex
nucleus
integral to membrane
plasma membrane
cytoplasm
metal ion binding
cytosol
extracellular region
ATP binding
zinc ion binding
immune response
transcription, DNAdependent
DNA binding
structural constituent of
ribosome
RNA binding
antigen binding
innate immune response
translation
mitochondrion
nucleolus

Read Count Frequency
80947152
394
80935967
281
80286442
29
80276059
12
80273733
7
17181958
12359
16252764
8571
14626026
5519
13229070
9766
11045857
9822
10617884
5776
9158133
1361
7351578
7125
6496299
6656
6396581
525

Category
MF
MF
MF
MF
CC
CC
CC
CC
CC
MF
CC
CC
MF
MF
BP

Tissue
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen

6294116
5707308

5965 BP
5337 MF

BC & Spleen
BC & Spleen

5581589
5577191
5313559
5003205
4521300
4408704
4037467

195
2296
63
762
279
2663
2077

BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen
BC & Spleen

MF
MF
MF
BP
BP
CC
CC

Table 1.5. Subcomponents in the koala transcriptome identified (via the Trinotate pipeline) as TLR, RLR, MHC or KoRV via a
BLAST hit and PFAM domains necessary to proper functioning of the receptor.
“Read Count” refers to the number of reads mapped back to the subcomponent from all samples. Immune subcomponents, those that
possess at least one child GO term of the “immune system process”, are listed in grey text. The “Tissue” column refers to the library
or libraries to which mapped at least 10 of the subcomponent’s reads. “BC” stands for buffy coat, while “SP” stands for spleen. The
protein sequence of one subcomponent (comp171079_c0) was too short to create a good alignment, so it was removed from further
analysis.
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Table 1.6. Target Category Subcomponents Gene Group Assignment and Diversity.
Each subcomponent has been identified (via the Trinotate pipeline) as Toll-like receptor (TLR),
RIG-I like receptor (RLR), Major Histocompatibility Complex Receptor (MHC) or Koala
Retrovirus (KoRV) sequence via a BLAST hit and PFAM domains necessary to proper
functioning of the protein (“Target Category”). Then, based on the top blast hit, each
subcomponent was assigned to a “Sub-group” within their corresponding category. The number
of transcripts refers to the sequences that comprise a subcomponent. Some of these sequences
had to be removed from the alignment and diversity testing to reduce redundancy and eliminate
sequences with large insertions and deletions. The “# transcripts” columns represent the number
of sequences comprising a given subcomponent in the Trinotate output and the
alignments/diversity analysis respectively. The “Gene Clade” is the name of the putative gene
that is the most similar to all of the sequences that cluster together with the subcomponent in the
gene tree. The “Diversity” section represent the putative SNPs identified for all the transcripts
comprising each subcomponent. “Not in ORF” represents the number of SNPs located outside
of the open reading frame (ORF). “Non-Synonymous” and “Synonymous” represent SNPs that
are located inside the ORF and result in a change or no change to the amino acid sequence,
respectively. “Total SNPs” represents all the potential SNPs that were found regardless of their
location in the transcript. Note that SNPs listed in gray text could be due to the combination of
transcripts from multiple loci because of the presence of more than two possible haplotypes in a
single individual.
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CHAPTER 2: DEMOGRAPHIC, ENVIRONMENTAL AND GENETIC
DETERMINANTS OF MATING SUCCESS IN CAPTIVE KOALAS
(PHASCOLARCTOS CINEREUS)

2.1 Introduction
Both environmental and biological factors have been shown to affect mating behavior
and success in vertebrates. For example, photoperiod can affect female reproductive behavior
and fertility, which is leveraged in domestic species to improve reproductive success via the
supplementation of light [Cameron et al. 2010, Malinowski et al 1985, Moffatt and Nelson
1994]. The reproductive performance of both males and females can vary with age, in a variety
of species [Costello et al. 2009, Rughetti et al. 2015, Somashekar et al. 2011].
Another determinant of reproductive success is sexual selection, which has two
components: male competition and female choice [Darwin 1882]. We focus on the latter, which
has been demonstrated across a variety of characteristics for a range of taxa [Watson and
Simmons 2011, Wells et al. 2016, Charlton et al 2012, Gomez et al. 2011]. The choice of mate
could be influenced by a benefit to the female (e.g. resources, parental care, “good genes”) and
linkage between the heritability of a characteristic and a preference for that characteristic
[Hasegawa et al. 2012, Hale 2008, Hamilton and Zuk 1982, reviewed in Kirkpatrick and Ryan
1991]. An example of the “good genes” hypothesis is variability and genotype at the Major
Histocompatibility Complex (MHC), which has been shown to affect mate choice in a range of
species [Bahr et al 2012, Bos et al. 2009, Potts et al. 1991, Wedekind et al. 1995] and has fitness
implications [Lenz et al. 2009, Loiseau et al. 2008, Penn et al 2002, Bateson et al. 2016].
The vertebrate MHC consists of a group of linked receptor genes, which are expressed on
the cell surface to help detect infections and activate an immunological response against
antigenic peptides [Klein 1986]. There are two main classes of MHC molecules, class I and
class II, which are primarily used to detect intracellular pathogens (e.g. viruses) and extracellular
pathogens (e.g. bacteria), respectively [Klein 1986, Maenaka and Jones 1999]. Most of the
sequence along the receptors (within a class) is conserved, except for the hypervariable region
that recognizes and displays antigens, which is called the peptide-binding region (PBR) [Reche
and Reinherz 2003, Parham 1988]. In addition to the variability of the PBR, further diversity
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exists due to extensive gene duplication resulting in a complex arrangement of gene copies in
linkage disequilibrium that differs between species [Kelley et al. 2005].
Sexual selection provides the foundation for countless mating systems employed by wild
populations, but captive breeding programs for these wildlife species have largely disregarded
the impact sexual selection may have on reproductive success. In captivity, population managers
often tightly control mating opportunities to minimize inbreeding, maintain genetic diversity, and
control population demographics [Ivy and Lacy 2012, Lacy 1994, Asa et al. 2011]. If the
human-matched animals are not desirable mates, it is not surprising that successful reproduction
in captivity is a common struggle [Earnhardt et al. 2001, Alligood et al. 2009, Swaisgood et al.
2006, Asa et al. 2011].
One captive population facing reproductive challenges is the koala (Phascolarctos
cinereus) colony at the San Diego Zoo (SDZ). Despite the fact that it is the largest and most
successful koala breeding program in the USA, previous research has suggested that only 45% of
breeding attempts result in copulation, and only 31% of copulations produce a viable joey that
survives through the first year [Bercovitch et al. 2006]. In healthy wild populations,
reproduction rates can be quite high (e.g. about 91% females produce a joey every year) [Hynes
et al. 2010]. With such low success rates at the SDZ, it is likely that female koalas may be
assessing cues unmeasured by population managers in selecting potential mates. Since each
failed breeding attempt wastes time and resources, identifying factors that could improve mating
success is of paramount concern.
Herein, we evaluate the effect of multiple factors that have the potential to affect
reproductive success in the SDZ colony including day length, age, and MHC diversity. Day
length might be playing a crucial role in reproductive success in the SDZ colony because koala
births in the wild have a clearly seasonal pattern [Ellis et al. 2010; McLean and Handasyde
2007]. It is also important to note that Australia is in the southern hemisphere, whereas San
Diego is in the northern one, so the seasons are opposite. Thus, the birth peak in December to
March in Australia [Ellis et al. 2010] corresponds nicely to the birth peak in June through August
at the SDZ [Bercovitch et al. 2006]. Additionally, there are several reasons that age might be
affecting reproductive success of koalas at the SDZ. Larger male koalas, have been shown to
have higher reproductive success and body size in males koalas is positively correlated with age
[McLean and Handasyde 2007; Ellis and Bercovitch 2010]. In many species female
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reproductive success declines as females exceed prime breeding age [Imlay et al. 2015; Rughetti
et al. 2015; Somashekar et al. 2011]. This phenomenon could reasonably be expected to occur in
the koala, especially with the anecdotal report of an older female giving birth to a joey but being
unable to feed it [Smith 1979]. Both day length and age are good candidates to investigate as
effectors of reproductive success in SDZ koalas.
The koala is an interesting organism in which to evaluate the last factor (MHC diversity)
since olfaction is thought to be the primary mechanism by which MHC genotype can be assessed
[Spehr et al. 2006; Wedekind et al. 1995; Milinski et al. 2005]. Male koalas begin using a sternal
scent gland to mark trees around the time they start attempting to mate [Mitchell 1990] and the
gland’s secretions are more chemically complex during the breeding season [Tobey et al. 2009].
Furthermore, the secretions are more similar between related individuals [Salamon and Davies
1998], consistent with a suspected role in mate choice. Both male and female koalas also have a
vomeronasal organ, which has been implicated in MHC ligand detection in other species
[Kratzing 1984; Leinders-Zufall et al. 2004]. The combination of the scent gland and the
vomeronasal gland provides a potential mechanism to present and evaluate MHC genotype in the
koala.
MHC-based mate choice could be an example of mate choice for “good genes”, but what
constitutes a good mate in terms of MHC compatibility? Three contemporary hypotheses, which
we consider here, are (1) negative assortative mating, whereby females prefer mates that have a
more dissimilar MHC genotype than themselves [Wedekind & Füri 1997], so their offspring
would be more heterozygous; (2) heterozygote superiority, whereby females prefer more
heterozygous mates because the mates themselves seem healthier [Lenz et al. 2009]; (3)
frequency-dependent selection, whereby females prefer males with a rare MHC genotype
because it may act as a proxy for relatedness [Potts et al. 1994] and/or allow the offspring to
survive better in systems where pathogens rapidly adapt to host defenses [Kubinak et al. 2012].
2.2 Methods
2.2.1 San Diego Zoo Colony
The Queensland koala colony at the San Diego Zoo was initiated in 1976; as of 01 May
2017 it totaled 23 living animals. The husbandry details are presented in Tobey et al. 2006, but
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briefly, koalas were housed in pens in a single indoor facility with natural skylights and
supplemental artificial light between 6 AM and 4 PM. Eucalyptus branches (3-4 species per
enclosure) are provided on perches.
For this study, the outcomes of 853 breeding attempts from March 1984 through August
2010 were analyzed. Population managers at the San Diego Zoo typically recommend a few (35) males to be mated with a female when she comes into estrous, taking into account animal age,
health, breeding history, and genetics. When a female enters estrous, she is placed with the first
male on the list, and the pair is observed for mating behavior. We refer to each time a female is
placed with a male as a “breeding attempt” and the individuals involved as an “attempted pair”.
Typically the female’s response is binary: either she will submit to mating or she will not. If it
is quickly apparent that the female is not interested, or if either member shows prohibitive
aggression toward the other, the pair is separated [Bercovitch et al. 2006]. If the pair does not
copulate, the female will be matched with the next male on the list, until either a successful
mating has occurred, no more suitable males are available, or the female is no longer in estrous.
2.2.2 Samples
Genomic DNA was extracted from the whole blood or tissue samples of 52 koalas.
Identification numbers (Local IDs) used to identify individuals in the Zoological Information
Management System (ZIMS; Species360) are listed in Table 7. DNA concentrations were
quantified using a Nanodrop spectrophotometer and stock solutions were standardized at 5
ng/uL, with the exception of individual (ZIMS# 501277), which had a concentration of 2.5
ng/uL.
2.2.3 Primers and Amplification
We previously characterized the expressed MHC transcripts in three SDZ koalas [Abts et
al. 2015], and these transcripts were used to design PCR primers to amplify MHC genes.
Briefly, conserved domains of the target MHC transcripts were identified using the Conserved
Domains database [E-value threshold of 1E-5; Marchler-Bauer et al. 2017]. Exon/intron
boundaries were estimated performing a BLASTn search [E-value 1E-5; Altschul et al. 1990] of
the transcripts against the RefSeq genomic database [O’Leary et al. 2016] limited to human,
Gray short-tailed opossum (Monodelphis domestica) and Tasmanian devil (Sarcophilus harrisii)
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sequences. In addition, the transcript sequences were also aligned to the opossum and
Tasmanian devil genomes using GMAP [Wu and Watanabe 2005]. The boundary estimates
were compared by eye and the most frequent or most conservative position was selected. When
possible, primers were designed to avoid spanning an intron, using Primer3 [Untergasser et al.
2012]. We also used the primer sets designed by Lau et al. [2013] to genotype individuals at the
MHC class II DA and DB genes (both alpha and beta chains).
We began with eleven primer sets: DAA, DAB, DBA, DBB, DCB, DMA, DMB, UAB1,
UB1, UE, and UK (Table 8), named according to the guidelines set forth in Klein [1990]. Each
set of PCR primers was optimized and used to amplify the target regions in the 52 individuals in
duplicate. In an attempt to reduce the prevalence of artifact alleles—those due to technical PCR
errors instead of true genetic variation—we used a two-step PCR protocol adapted from Lenz
and Becker [2008] for all the primer sets. Briefly, the initial PCR was consisted of 30 replication
cycles at an optimized annealing temperature (Ta; see Table 8). The second PCR was run with
diluted product from the first PCR with all the same parameters except only 6 replication cycles
using primer sets with the TruSeq (Illumina) back-end adaptors.
2.2.4 Amplicon Sequencing
The product from the second PCR was cleaned and barcoded TruSeq front-end adaptors
were added with a third PCR using the same parameters and 5 replication cycles. The products
were then quantified and pooled in approximately 10 nM concentrations. Then the pool was
sequenced using 2x300bp chemistry and an Illumina MiSeq sequencer. The reads from each
replicate were separated using the barcoded front-end adaptors. Adaptor sequences were
trimmed and both ends of the read were trimmed for quality (Q = 20), using cutadapt [version
1.1b, Martin 2011]. Paired reads were then merged together using pandaseq [version 2.8.1,
Masella et al. 2012], separated by amplicon using a custom perl script, and filtered to only those
that had a top BLASTn hit (E-value 1E-5) to the proper amplicon consensus sequence and were
of the exact expected length.
2.2.5 Genotype Reconstruction
Briefly, for computational tractability, 1000 reads were randomly sampled from each
replicate-amplicon combination and preliminary genotypes were determined using the
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AmpliSAS pipeline [Sebastian et al. 2016]. Since artifact alleles should be rare and arise from a
true allele of similar sequence [Babik et al. 2009], the genotypes were refined by flagging novel
alleles or those that comprised less than 10% of the amplicon coverage. Flagged alleles that
always co-occurred with the same more dominant allele were then disregarded.
After filtering, we achieved high confidence genotypes of our individuals at four MHC
markers (DAA, DBB, DMB, UAB1) and these were used for further analysis (Table 7). The
genotypes for the duplicates of each individual were compared as a means of determining the
reliability of our sequencing and analysis workflow. The DAA, DMB, UAB1 loci are all thought
to be single-copy MHC genes, and none of the individuals we genotyped exhibited more than
two alleles per locus. Our fourth marker, however, likely queries both a DBB gene and a
homologue, since 37% (19/52) of the genotyped individuals possess three or four sequence
variants at this amplicon.
2.2.6 Calculating MHC Diversity
MHC diversity was calculated separately for each amplicon. We considered three
parameters, specifically: a) observed heterozygosity, b) the probability of producing a
heterozygous offspring (pairs only), and c) functional amino acid diversity—the variance in
function due to a substitution in amino acid sequence. Functional amino acid diversity was
assessed by using a matrix for peptide affinity at the PBR of the MHC receptors adapted from
Kim et al. 2009. For DAA, DMB, and UAB1, heterozygosity was determined by assigning a “1”
to individuals that have two alleles, and “0” to individuals that had one allele. For the DBB
marker, heterozygosity was determined by assigning a “0”, “1”, “1.5”, and “2” to individuals
with one, two, three, and four alleles, respectively. The total heterozygosity was then calculated
as the sum of the four marker-specific heterozygosities divided by five to account for the two
presumed DBB loci. Amino acid diversity was calculated for each locus individually via three
main different methods:
(1) Pair Diversity – For each male-female attempted breeding pair, this measure is the
summation of the diversity for each combination of one female allele (x) and one
male allele (y). The alleles x and y are chosen from the vectors of alleles present in
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𝑥1

𝑦1

𝑛

𝑚

the female (𝑥⋮ ) and male (𝑦⋮ ), where n and m are the number of alleles present in the
female and male, respectively.
Equation 1:
𝑦𝑚

𝑥𝑛

∑ ∑ 𝐴𝐴𝑥,𝑦
𝑦=𝑦1 𝑥=𝑥1

where AAx,y is the functional amino acid diversity for allele pair x,y.
(2) Individual Internal Diversity – For each individual, this measure is the summation of
the diversity for each combination of alleles (x and y) within that individual with all
of those same alleles. The alleles x and y are chosen independently from a vector
𝑥1

(𝑥⋮ ), where n is the number of alleles present in the individual.
𝑛

Equation 2:
𝑥𝑛

𝑥𝑛

∑ ∑ 𝐴𝐴𝑥,𝑦
𝑦=𝑥1 𝑥=𝑥1

where AAx,y is the functional amino acid diversity for allele pair x,y.
(3) Individual Pairwise Diversity – For each individual, this measure is a summation of
the diversity scores calculated for every combination of the given individual and
every individual in the population (including itself). For each two-individual
combination, the diversity score was calculated similar to the pair diversity metric, by
summing the diversity scores for each combination of one allele (x) from the given
𝑥1

individual, selected from (𝑥⋮ ), and one allele (y) from the other individual (p),
𝑛

selected from

𝑦1
(𝑦⋮ ),
𝑚

where n and m are the number of alleles present in the given

individual and the pth individual, respectively. The individual p is selected from a
𝑝1

vector (𝑝⋮ ), where s is the number of genotyped individuals in the population.
𝑠

Equation 3:
𝑝𝑠

𝑦𝑚

𝑥𝑛

∑ ∑ ∑ 𝐴𝐴𝑥,𝑦
𝑝=𝑝1 𝑦=𝑦1 𝑥=𝑥1

where AAx,y is the functional amino acid diversity for allele pair x,y.

47
Since the traditional pairwise method is not strictly appropriate for multi-locus markers
(Figure 7) and in order to leverage as much of our data as possible, we designed a method
(hybrid allele comparisons) to incorporate the multi-locus information into the amino acid
functional diversity metric (Figure 8). In order to evaluate the effectiveness this metric, total
MHC diversity across the primer sets was calculated using four different types of comparisons,
for each of the measures mentioned above: (1) All allele comparisons – Each primer set diversity
score was calculated by summing the diversity scores for all of the pairwise combinations of the
alleles from each genotype (e.g. the traditional pairwise method). (2) Unique allele comparisons
– Each primer set diversity score was calculated by summing the diversity scores of only the first
occurrence of an allele pair between the two genotypes being compared. (3) Hybrid allele
comparisons – The single-locus marker diversity scores were calculated via the traditional
pairwise method, but the DBB diversity score was calculated via the unique method. (4) All
except DBB – The single-locus marker diversity scores were calculated via the traditional
pairwise method, but the DBB diversity score was excluded. This last method was included to
determine if there was enough variability to continue analysis if the multi-locus marker was
excluded.
2.2.7 Measures of Mating Success
The measures of mating success, specifically copulation and parturition success, were
calculated using the breeding records of the SDZ koala colony from 1984 to 2010. Copulation
success was calculated as the proportion of attempted matings that resulted in copulation.
Parturition success was calculated as the proportion of copulated matings that resulted in the
production of a confirmed joey. These measures were calculated and analyzed for both the
attempted breeding pairs as well as for individuals involved in at least one breeding attempt.
2.2.8 Statistical Analysis
The categorical analysis consisted of splitting the data set into mutually exclusive groups
based on each measure of reproductive success and comparing the level of MHC diversity
between the two groups. This analysis was conducted separately for both attempted breeding
pairs and individuals. Four distinct comparisons were investigated: (1) copulated vs. noncopulated, (2) high copulation (copulation proportion >=0.5) vs. low copulation (copulation
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proportion <0.5), (3) joey vs. non-joey, (4) high joey (parturition proportion >=0.5) vs. low joey
(parturition proportion <0.5). Comparisons 1 and 2 used the full set of breeding attempts, while
comparisons 3 and 4 used only those that resulted in copulation, excluding one pair because a
male had been vasectomized. The means, variance, and standard error for each pair/individual
were calculated for each type of MHC total diversity.
We performed simulations to assess the performance of the three multi-locus methods
compared to the traditional pairwise method when the genotypes at every locus were known,
hereafter referred to “Traditional” diversity. Briefly, genotypes for 52 individuals at 5 loci were
randomly generated using the observed DBB alleles and frequencies. These 52 individuals were
then randomly assigned a sex and randomly paired to create 71 unique male-female pairs. The
diversities for each individual and pair were calculated as described above. We then conducted
rounds of successive merging where one allele was added to the merged marker until all markers
were condensed into one. In each round, only unique alleles for each individual were retained
and then the diversities for each individual and pair were calculated again as described above.
The average diversities using each method for the individuals (n=52) and pairs (n=71) were then
calculated and the entire process was repeated 1000 times. The means and standard deviations of
the 1000 replicates were calculated and plotted. A difference from the “Traditional” value was
considered significant if the standard deviation confidence intervals did not overlap. The entire
simulation process was repeated for 10 loci and with even allele frequencies and for both 5 and
10 loci (Figure S4). All supplementary figures and tables are available in the Dryad data
depository package associated with the publication of this chapter (Abts et al. 2018 in prep).
None of the diversity measures were normally distributed (Shapiro-Wilk normality test).
Thus, bootstrapping (n = 1000) was used to resample (with replacement) the MHC diversity
scores of each group to create 95% confidence intervals, and differences were considered
significant if intervals did not overlap. In addition, permutation independence tests were run
with the R “coin” package [version 1.0-24; Hothorn et al. 2008] to generate more precise pvalues for each pair of categories. The results of these analyses were relatively consistent across
different methods of total MHC diversity calculation (Figures S1-S3, Table S13), so only the
Hybrid method was used for further statistical analysis.
We performed logistic regression analyses using the R package lme4 [version 1.1-7;
Bates et al. 2014] to investigate any continuous effect of the MHC diversity measures on the
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measures of mating success. In addition, other factors (i.e. male age, female age, age difference
(pair analysis only), and day length) were included in the logistic regression to try and identify as
many important variables as possible. For the pair analysis, the effects of the pair MHC diversity
as well as that of both the male and the female were investigated independently in separate
models. Both a linear relationship and a quadratic relationship between the MHC diversity and
mating success measures were investigated. Running multiple statistical tests can increase type I
error, however correcting for this problem is under debate [Streiner and Norman 2011], so
instead we elected to interpret our results conservatively.
In order to control for individual factors between attempted matings (since individuals
were mated multiple times with the same and/or different partners), a random intercept for both
male and female ID was included in logistic regression models. Because koalas were
interrelated and therefore not strictly independent (especially if there are some heritable mating
preferences), we also investigated the effect of pairwise kinship. Pairwise kinship was calculated
from the pedigree for the individual model and then averaged between the male and female for
the pair model (referred to as average pairwise kinship). Both wild-caught and captive-born
koalas from Australia were used to found the SDZ colony. When the specific ancestries of
captive-born, Australian sourced koalas were unavailable, we necessarily assumed those animals
to be unrelated because the parents of these animals are not other animals in the pedigreed
population, and R’s kinship2 [Sinnwell et al. 2014] requires complete pedigrees (see
Supplementary Table 5). This is not an uncommon assumption utilized by captive breeding
programs, and has been shown to have only a small effect on efforts to maintain genetic diversity
[Rudnick and Lacy 2008].
Investigating the effect of kinship might also allow us to assess the hypothesis of
frequency dependent selection, specifically the idea that individuals with uncommon genotypes
make more attractive mates. This hypothesis would be supported by an indirect relationship
between pairwise kinship and either copulation or joey production. However, a direct
relationship between these factors and pairwise kinship might indicate a reverse in causality,
specifically a decreased rate of reproduction would serve to reduce the proportion of relatives in
the population and thus decrease their pairwise kinship.
Logistic regression analysis was performed for pairs as well as separately for males and
females. Model selection was performed to compare each model including one factor to the
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intercept, and factors that statistically (p = 0.05) improved the model over the intercept were
included in the final model. For each final model, the percent variation explained was calculated
by dividing the residual deviance of the model by the null deviance (the deviance of the model
with just the intercept). In addition, the effect (log odds) of each factor was calculated by taking
the natural exponential of the variable estimate from the final model. To determine if our
logistic regression analysis would be able to detect an effect if it were present, we conducted a
post-hoc power analysis using G*Power [Faul et al. 2009] for a logistic regression using a
binomial distribution. Two different sample sizes for each model (e.g. pair, males, and females)
were used to gain an idea of the upper and lower limits of our power. For the lower limit, the
sample size was the unique number of pairs or individuals, while the upper limit used a sample
size of the number of breeding attempts used in each model. The true power likely lies between
these two.
2.3 Results
2.3.1 Sequencing and Genotype Reconstruction
The amplicons from 52 individuals and eleven primer sets were pooled and sequenced,
resulting in 24,407,726 reads (7,322,317,800 bases). After filtering and merging paired reads,
2,687,050 reads (721,157,263 bases) remained and were used for further analysis. It is important
to note that (1) the amplicons that were larger than 1kb could not be successfully merged (2)
forward and reverse reads of smaller amplicons overlapped considerably, so merging into a
single sequence notably decreases both the read and base counts. Sequence coverage varied
greatly between primer sets, ranging from 1,535,513 reads to 1 read (Table 8), presumably
because of the variance in efficiency of each primer pair.
Ultimately, four primer sets were used to genotype our 52 individuals: DAA, DBB,
DMB, UAB1. The first three are class II genes, whereas the last is a class I gene. There were
three, seven, three, and two unique alleles for DAA, DBB, DMB, and UAB1, respectively (Table
8). The repeatability of a genotype, judged by duplicate sequencing of all 52 individuals was
between 92 and 100% (Table 7). Discrepancies were resolved by comparing the genotype of the
replicate missing alleles to the genotype when AmpliSAS was run with all the same parameters
except a minimum dominant frequency threshold of 25%. In each case, the missing alleles were
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present in this latter genotype, and were included in the final genotype. There was one case
where the missing allele was below the 10% abundance threshold by 0.5%, but the genotype also
had two presumed artifact alleles, one associated with each allele, so both alleles were included
in the final genotypes. In the final genotypes, each individual had one or two alleles for DAA,
DMB, and UAB1, while at DBB individuals ranged from having one to four alleles (Table 7).
The raw, filtered, and merged read sets are archived in the Dryad data depository package
associated with the publication of this chapter (Abts et al. 2018 in prep) along with the
AmpliSAS output, the pedigree file, and all supplementary files.
2.3.2 MHC Diversity and Mating Success
For genotyped individuals, the average pairwise kinship and total heterozygosity (i.e.
averaged over the four markers) were 0.04 and 0.46, respectively, whereas the internal and
pairwise total hybrid amino acid diversities ranged from 0 to 6.39 (mean = 2.3) and 100.32 to
427.74 (mean = 252.28), respectively. There were a total of 204 unique attempted pairs, 71 of
which were comprised of genotyped individuals. For the genotyped attempted pairs (Table 9),
the average pairwise kinship, total heterozygosity, and probability of producing a heterozygous
offspring were 0.04, 0.48, and 0.49, respectively and the total hybrid amino acid diversity ranged
from 0.27 to 10.00 (mean = 4.06).
We analyzed 853 breeding attempts in the koala colony from 1984 to 2010: 570 resulting
in no copulation (66.8%), 154 resulting in copulation but no confirmed joey (18.1%), 129
resulting in a confirmed joey (15.1%). Of the 853 attempted pairs, there were 805 that contained
at least one genotyped individual (227 just the sire, 188 just the dam, and 390 with both the dam
and sire). The number of breeding attempts by each genotyped individual ranged from 0 to 98,
with a mean of 23.0. For the fully genotyped pairs, the number of breeding attempts ranged from
1 to 20 (mean = 5.49). The average copulation and parturition success rates of genotyped
individuals were 0.34 and 0.43, respectively. For fully genotyped pairs, the average copulation
and parturition success rates were 0.30 and 0.42, respectively. In the SDZ population, 64% of
females produced a joey on years they were bred, compared to 91% of wild females producing a
joey every year [Hynes et al. 2010]. A Fisher’s exact test between the SDZ population and that
from Hynes et al. 2010, using the years when females produced a joey and failed to produce a
joey when they had the opportunity to breed, showed a significant difference (<0.0001).
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2.3.3 Statistical Analysis
For the categorical analysis of pairs, the four types of comparisons of MHC amino acid
diversity showed similar results, excluding the “All Except DBB” type (see Figure S2). Most of
the mutually exclusive groups also showed no significant difference across all factors measured:
MHC amino acid diversity, heterozygosity, probability of producing a heterozygous offspring,
and average pairwise kinship (Figure 9). There was one exception: the “no joey” group had
significantly lower MHC amino acid diversity than the “joey group” (across all of the
comparison types, excluding “All Except DBB”). P-values from the permutation tests for all
three measures were ≤0.001. While the 95% confidence intervals overlapped slightly for the
MHC diversity measures of the “high joey” and “low joey” groups, the p-values from the
permutation tests for all of the measures excluding “All Except DBB” were < 0.05 (0.023,
0.014, and 0.009 for “All”, “Unique”, and “Hybrid”, respectively). These relationships were not
significant in the analysis of heterozygosity, probability of producing a heterozygous offspring,
or average pairwise kinship.
There were no significant differences between any of the mutually exclusive groups (e.g.
each pair of categories) for copulation or parturition when considering MHC amino acid
diversity in individuals (Figure 10). In addition, the relative differences between the mutually
exclusive groups remained consistent across three of the four types of comparisons (see
supplementary Figure S1), excluding “All Except DBB”, which likely deviates from the others
due to the low level of variability in MHC amino acid variability. This pattern was also
consistent when evaluating heterozygosity and average pairwise kinship in individuals (Figure
S3). In the simulations, the “Hybrid” method approximates the “Traditional” diversity score in
the early rounds of merging, as indicated by the overlapping standard deviation confidence
intervals. The “All” method quickly overestimates the diversity, and the “Unique” method
initially underestimates it (Figure 11). Due to the overall consistency of the results observed
among the different comparison methods of the categorical analysis and the simulation results,
the logistic regression analysis was completed using only the “Hybrid” type.
The factors significantly improving the models (p-value <0.05) are listed in Table 10 and
were the only ones included in the final models. The model selection details for all of the factors
tested in the logistic regression analysis can be found in Table S4, and the final model outputs
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can be found in Tables S6-S11. There were some factors that nearly missed this study’s
threshold for significance, but these could be potential targets further investigations.
For pairs, the copulation success model was significantly improved by the addition of day
length (X = 3.94; df = 1; p = 0.047), which was also significant in the final model (p = 0.048).
For every hour increase in day length the likelihood of copulation increased by 19% (estimate =
0.17466, log odds = 1.19, Table 10). The parturition success model was also significantly
improved by the addition of day length (X = 3.92; df = 1; p = 0.048), but this was not strictly
significant in the final model (p = 0.067). For every hour increase in day length the likelihood of
parturition (for pairs that have copulated) increased by 45% (estimate = 0.3732, log odds = 1.45).
For males, the copulation success model was significantly improved by the addition of day
length (X = 7.02; df = 1; p = 0.008) and dam age (X = 3.94; df = 1; p = 0.047), both of which
were significant in the final model with p-values of 0.005 and 0.030, respectively. For every
hour increase in day length and every year increase in the dam age, the likelihood of copulation
increased by 22% (estimate = 0.1983, log odds = 1.22) and decreased by 8% (estimate = 0.08175, log odds = 0.92), respectively. The parturition success model was only significantly
improved by the addition of dam age (X = 4.45; df = 1; p = 0.035), which was also significant in
the final model (p = 0.037). For every year increase in dam age, the likelihood of producing a
joey (for pairs that copulated) decreased by 14% (estimate = -0.14874, log odds = 0.86).
For females, the copulation success model was significantly improved by the addition of
both the difference in age between the pair members (X = 6.20; df = 1; p = 0.013) and dam age
(X = 6.32; df = 1; p = 0.012). However, these are competing models and cannot be integrated
due to the fact that dam age is used to calculate difference in age. Both factors were significant
in their respective final models with p-values of 0.015 and 0.012. For every year older the sire
was than the dam, the likelihood of copulation occurring increased by 6% (estimate = 0.05946,
log odds = 1.06). Alternatively, for every year increase in the age of the dam, the likelihood of
copulation decreased by 8% (estimate = -0.0853, log odds = 0.92). The parturition success
model was significantly improved by the addition of day length (X =4.17; df = 1; p = 0.041) and
dam age (X = 5.95; df = 1; p = 0.015), both of which were significant in the final model (p =
0.041, p = 0.015). For every hour increase in day length and every year increase in the age of
the dam, the likelihood of parturition (for pairs that copulated) increased by 44% (estimate = 0.
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365918, log odds = 1.44) and decreased by 18% (estimate = -0.203475, log odds = 0.82),
respectively.
Our final models explained from 0.9% to 7.1% of the variation in the data sets (Table
S12). The detailed results of our power analysis for the standard threshold of 1 – β = ~0.8 are in
Table 11). For pairs, our analysis should have been able to detect an effect of MHC diversity at
high effect sizes. For individuals, the lower limit of our power (e.g. using a sample size of only
unique males or females) did not allow for a power of 0.8, but the higher limit greatly exceeded
it. Since the true power should fall between the two estimates and the pair analysis did not detect
an effect of MHC, we are confident that MHC diversity did not play a strong role in our study.
2.4 Discussion
Loss of genetic diversity due to inbreeding can be slowed through tight control of
breeding opportunities that minimize kinship across a population [Ivy and Lacy 2012].
However, there are many factors that may prevent the best matches from occurring: age,
reproductive status, and location. Despite the best efforts of population managers, animals may
decide not to mate with each other. SDZ reproduction is significantly lower than the wild
population, which is not altogether unexpected, but still results in wasted resources. Some
individuals may be less inclined to mate in captivity, but then over time their genetic
representation in the population decreases, which increases their “genetic value” and thus makes
it more imperative that they are mated successfully. The use of genetic markers could not only
be used to help inform which individuals are matched, but might also be able to reveal why some
pairs are successful while others are not.
We found little evidence that MHC strongly affected mating success in the koala colony
of the San Diego Zoo. The potential exception is the decreased MHC amino acid diversity in
pairs with decreased production of offspring (“no joey” and “low joey” when compared to “joey”
and “high joey”, respectively). If this relationship has a biological basis, it could be caused by
sperm selection inside the female or by poor early offspring survival with lower amounts of
functional MHC diversity [Agbali et al. 2009; Alcaide et al. 2012]. However, it is important to
keep in mind that no relationship between MHC diversity and production of a joey was detected
when analyzing heterozygosity between the same groups of breeding pairs, nor was it detectable
by the logistic regression analysis.
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While our final models explained a low proportion of the total variation, some of the
significant factors we discovered (e.g. day length and dam age) had relatively strong effects
(~14-44%) on the response variables. The discovery of these relationships could be of great
importance to koala conservation, since even small increases in the efficiency of breeding
attempts can be valuable to population managers. In addition, the factor with the highest effect
(i.e. day length) is one that can be incorporated into the breeding program with relative ease
either by concentrating on breeding high genetic value pairs during the season with the longest
photoperiod, or supplementing with artificial light. In addition, there are likely other important
factors that have not yet been investigated.
From our post-hoc power analysis, we conclude that large MHC effects on mating
success should have been apparent in our study. In addition, out of concern that MHC diversity
in the SDZ koalas might be lower than in wild populations and thus make an effect harder to
detect, we compared DBB allele frequencies at the SDZ to the wild populations characterized by
the same primers in Lau et al 2014. All 7 alleles detected in these populations were present at
the SDZ, with the exception of Lau-DBB6, which differed by one nucleotide from its SDZ
counterpart. Additionally, SDZ allele frequencies appear to be more even (Figure 12). This
further supports the idea that if a strong effect of MHC on reproductive success was occurring, it
should have been detected in our analysis. Smaller MHC effects might not be statistically
significant but if identified could help population managers save valuable time and resources by
avoiding unproductive matings.
Even though MHC appears to have little effect on mating success in this study, our
approach still has the potential to inform biologists in several ways: (1) It rigorously investigates
the system in question by intentionally using genotypes from more than just one MHC locus and
by incorporating both measures of heterozygosity and functional diversity (i.e. amino acid
diversity), and (2) although other studies have used multi-locus markers [Bateson et al. 2016],
this is, to our knowledge, the first study to attempt to quantify functional amino acid diversity at
such a marker. The consistent relative differences of the mutually exclusive groups in the
categorical analysis (Figures S1-S3), and the close association of the “Hybrid” and “Traditional”
diversity scores in the simulations (Figure 11) support the suitability of the “Hybrid” method to
accurately leverage the data contained in multi-locus markers.
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We identified several key factors that have a significant effect on koala mating success in
captivity. Specifically, mating success tends to increase as day length increases and dam age
decreases. The effect of day length is not surprising as both koala female estrous behavior and
the complexity of the molecular profile of the male sternal gland secretions increase in the
breeding season [Ballantyne et al. 2015, Tobey 2009]. However, these females were only
matched if they were showing estrous behavior, so it is interesting that day length still affects
copulation success even in the presence of estrous behavior. This could suggest seasonal
variation in sexual selection, which has been shown in many other systems [Ferkin and Zucker
1991; Milner et al. 2010; Wacker et al. 2014]. In addition, day length even had an effect on the
production of joeys even though all of the pairs included in the model had resulted in a
copulation and the female was showing estrous behavior. This could suggest that there could be
fewer barriers to fertilization during longer days, such as a more effective relationship between
estrous behavior and the timing of ovulation, increased male virility [Kusakari et al. 2005;
Ciereszko et al. 2000; Murphy et al. 2005; Rossi et al. 2014]. We note that these effects might
be related to factors correlated with day length (e.g. temperature, food availability, zoo traffic,
etc.), rather than day length itself. Regardless, this significant relationship could still be used to
try to improve the reproduction of the colony.
Bercovitch et al. (2006) previously discovered the effect of age difference between the
members of the pair and hypothesized that it may be based in the natural breeding system of
koalas, specifically that males tend to start breeding later than females. Alternatively, the age
difference relationship could be due to dam age, for example where female fitness declines with
senescence. To test these ideas, we looked for a significant improvement with the addition of
each factor to a model containing the other factor and the random effects. However neither was
statistically significant (p-values of 0.15 and 0.16 for difference in age and dam age,
respectively).
By focusing the breeding attempts, or at least the highest priority ones, during the peak
breeding season and on younger females or pairing them with older males, population managers
should be able to increase the success rate of both copulations and joey production, thus saving
valuable resources and facilitating genetic management of the population. In addition, in the
case of day length, direct manipulation (e.g. the addition of artificial light), may be able to
increase mating success. This technique is commonly used in domestic animals [Cameron et al.
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2010, Malinowski et al 1985] and it seems reasonable that it could also be successfully
implemented in genetically managed captive populations.
2.4.1 Conclusions
(1) This paper rigorously investigated the effects of MHC functional diversity on mating success
by using genotypes composed of multiple MHC markers, both functional diversity and
heterozygosity, and a newly developed and promising method of including multi-locus markers
in functional diversity analysis.
(2) MHC functional diversity did not appear to have a large effect on matings success of SDZ
koala, with the possible exception of decreased diversity in breeding attempts that resulted in
lower or no production of a joey.
(3) Two other factors were determined to strongly affect mating success: day length and dam
age, which can be leveraged to improve the success of breeding attempts, thus conserving
valuable resources and facilitating genetic management of the population. This can be
accomplished by using these factors to inform mating decisions or in the case of daylight,
potential direct manipulation.
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2.5 Figures

Figure 2.1. The problem of multi-locus markers.
Consider 2 individuals genotyped at a single-locus marker (Locus 1) and a two-locus marker
(Locus 2&3). A) The information obtained from genotyping; essentially, which genotypes are
present at each marker in each individual. If there are no repeated alleles in the genotype of
Locus 2&3 (Individual #1), then all of the present alleles are known, but it is not known which
pairs of alleles belong to the same locus. For the sake of simplicity, we focus on combinations of
alleles at the two loci, and not the presence of particular alleles at particular loci. B) Possible
multi-locus genotypes for Individual #1. The matter becomes more complicated if multiple
copies of the same allele are present in the genotype. For instance, if one of our individuals were
homozygous for either allele at locus 1, we would know that individual has two copies of that
allele because it is a diploid species and only one allele was detected. C) Potential multi-locus
genotypes for Individual #2. However, if an individual has more than one copy of any allele at
Locus 2&3, we cannot determine which allele is repeated or which pairs of alleles are located at
the same locus. The repeated allele could be due to homozygosity (repeated alleles at the same
locus) or shared alleles at the different loci. In the case of both individuals, none of their possible
genotypes can be distinguished from each other, and there will be variation between the diversity
scores of the different possible genotypes when diversity is calculated in a strict pairwise fashion
(called "All Allele Combinations" in this paper).
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Figure 2.2. Possible types of allelic comparisons used to calculate total MHC diversity.
This example treats the individuals from Figure 7 (genotypes are shown in Figure 7A) as if they
were two individuals matched for a breeding attempt. The small circles and squares represent
alleles present in the genotypes at loci 1 and 2&3, respectively. Individual #1’s alleles are shown
in white, whereas Individual #2’s alleles are shown in grey. Each box containing two alleles
(one from each individual) represents the functional diversity score for those two alleles (see text
for diversity metric details). A) all allele comparisons B) unique allele comparisons—Note the
absence of the BA (Locus 1) and YX (Locus 2&3) diversities, because the diversities for these
allele combinations have already been included. C) hybrid allele combinations—Note the
presence of the BA (Locus 1) diversity because Locus 1 is a single-locus marker so the
diversities of all the pairwise allele combinations are used. Also note the absence of the YX
diversity because Locus 2&3 is a multi-locus marker, so only a single instance of the diversity of
each unique combination of alleles is used in the summation.

Figure 1: Pair categorical analysis.
“Random” pairs were simulated by randomly drawing one male and one female from the individuals that were genotyped and were
involved in at least one pair (n=43) and calculating the diversity metric, which was repeated for the number of genotyped pairs (n =
71). “All” pairs represents the true 71 pairs where both the male and female were genotyped. Each mutually exclusive dyad of
categories should be interpreted together; to avoid pseudo-replication, comparisons should not be made across categories from
different dyads. The two types of category dyads are where the data set was split into whether the response variable occurred at least
once or not at all (e.g. “copulation”/ “no copulation” and “joey”/“no joey”) and where the response variable occurred ≥ 50% or <50%
of the times that the pair was placed together (e.g. “high copulation”/ “low copulation” and “high joey”/“low joey”). The copulation
dataset consisted of the pairs in “all”, while the joey dataset consisted of the pairs from the “copulation” group (minus one excluded
because a male had been vasectomized). Each panel represents the average of the different grouping of pairs for the different diversity
metrics and 95% confidence intervals. A) Hybrid Allele Combinations - the MHC functional diversity score between the sire and the
dam calculated in a pairwise fashion for all of the alleles present at loci DAA, DMA, and UAB1, but only unique allele combinations
for DBB. B) Mean Heterozygosity – the locus specific heterozygosity averaged over all four markers and the pair. C) Average
Pairwise Kinship - the midpoint of the dam and sires’ average pairwise kinship—the average kinship value of a given individual and
every other individual in the pedigree, including itself. D) Pr(Heterozygous Offspring) - the probability that a single offspring of the
pair would have two non-identical alleles at a locus, averaged over all four primer sets and across the pairs in the group.
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Figure 2.3. Individual categorical analysis.
“All” represents all 52 individuals that were genotyped. Each mutually exclusive dyad of categories should be interpreted together; to
avoid pseudo-replication, comparisons should not be made across categories from different dyads. The two types of category dyads
are where the data set was split into whether the response variable occurred at least once or not at all (e.g. “copulation”/ “no
copulation” and “joey”/“no joey”) and where the response variable occurred ≥ 50% or <50% of the times that the individual was
placed with another (e.g. “high copulation”/ “low copulation” and “high joey”/“low joey”). The copulation dataset consisted of the
individuals from “all” the all group that were placed with another individual at least once, while the joey dataset consisted of the
individuals from the “copulation” group. Each panel represents the average of the different grouping of individuals for the different
diversity metrics and 95% confidence intervals. “Hybrid Allele Combinations” refer to the MHC functional diversity score calculated
in a pairwise fashion for all of the alleles present at loci DAA, DMA, and UAB1, but only unique allele combinations for DBB. A)
“Individual Internal Diversity” – the “Hybrid” MHC functional diversity score within the individual. B) “Individual Pairwise
Diversity” – the “Hybrid” MHC functional diversity score between the individual and all other genotyped individuals. C) Mean
Heterozygosity – the locus specific heterozygosity averaged over all four markers. D) “Average Pairwise Kinship” - the average
kinship value between the individual and every other individual in the pedigree, including itself.
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Figure 2.4. MHC diversity method simulated effects of merging loci using observed frequencies.
Briefly, the simulations consisted of randomly generating genotypes for 52 individuals using the observed allele frequencies for the
DBB locus for 5 (A & B) and 10 (C & D) loci and randomly assigning a sex to each “individual”. Pairs were created by randomly
selecting 71 unique combinations of a male and a female. The total diversity (y-axis) for each individual (within its self) and pair
(between the male and female) were calculated by summing the diversity scores for each locus, which were determined via one of
three methods: “All” – the sum of the diversity scores for all of the pairwise combinations of the alleles from each genotype.
“Unique” – the sum of the diversity scores of only the first occurrence of an allele pair between the two genotypes being compared.
“Hybrid” – the sum of the diversity scores for each single locus marker calculated as in “All”, and the merged marker calculated as in
“Unique”. Then through successive rounds of merging, one allele was added to the merged marker retaining only the unique alleles
for each individual and the average diversities for the individuals (n=52, A & C) and pairs (n=71, B & D) were recalculated, which
continued until all loci were merged into a single marker (x-axis). The entire process was repeated 1000 times and the means (dots)
+/- one standard deviation (confidence intervals) of these 1000 replicates are shown in panels A-D. The black horizontal line and grey
shaded region is the “Traditional” mean (+/- one standard deviation), which is the average diversity of the individuals or pairs
calculated as in “All” before any merging has occurred. Values were considered consistent with the traditional value if the confidence
intervals overlapped
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Figure 2.5 DBB allele frequencies in the San Diego Zoo and wild populations.
The allele frequencies for wild populations were obtained from Lau et al 2014. Allele DBB06*
differed by one nucleotide between the SDZ and the wild populations. Frequencies were
calculated with unique alleles in each individual. South-east Queensland SQ, Lismore LM,
Gunnedah GN, Port Macquarie PM, Blue Mountains BM, Southern Tablelands ST,
Campbelltown ST; south region: Strathbogie Ranges SR, Mount Eccles ME, Raymond Island RI,
French Island FI, South Gippsland SG.

2.6 Tables
Table 2.1: Summary of genotyped individuals.
“ZIMS” refers to the Zoological Information Management System (Species360), which uniquely identifies each individual globally.
“ID” refers to the San Diego studbook identification for the animal. Columns “DAA”, “DMB”, “UAB1”, and “DBB” are the allele
names for that individual at those loci. “Total hybrid internal” and “total hybrid pairwise” are the Hybrid MHC functional diversity
scores (see text for details) for within and individual and between the individual and all other genotyped individuals, respectively.
“Average pairwise kinship” is the average kinship value of the individual and every other individual in the pedigree, including itself.
The number of breeding attempts that individual participated in is listed in “outcome total”. “Average copulation” is the number of
breeding attempts that resulted in copulation divided by the total number breeding attempts. “Average parturition” is the number of
breeding attempts that resulted in the birth of a joey divided by the number of breeding attempts where copulation took place.
“Genotype Repeatability” is the percent of genotyped individuals that had complete concordance between the genotypes of their two
sequenced replicates.
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Table 2.2. Summary of genotyped MHC primer sets.
The “source” column indicates if the primer set was created for this project or if it was from Lau et al. 2014. “Ta” is the PCR
annealing temperature. The length of the DNA amplicon is represented in the “length” column. The UB1, UE, and UK amplicons
were all greater than the sequenced paired read length of 600 bp, so only ends were sequenced. The class and chain of the MHC
molecule is listed in the “gene” column. The number of reads for each amplicon is listed in column “# reads”. The “mean
coverage/ind” and “median coverage/ind” represent the average and median number of reads per individual for that amplicon.
Whether or not, we were able to confidently assign genotypes to our individuals is indicated in the “final genotypes column”. For
primer sets where final genotypes were assigned, the number of unique allele sequences, unique amino acid sequences, and number of
sequences containing a stop codon are represented in the “# alleles”, “# amino acid sequences” and “# nonsense alleles”, respectively.
For the other primer sets, these columns contain the reason that prevented the assignment of genotypes. The forward and reverse
primer sequences are in the “forward primer” and “reverse primer” columns, respectively.
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Table 2.3. Summary of genotyped pairs.
“Total hybrid diversity” represents the hybrid MHC functional diversity score (see text for
details) between the sire and the dam. “Average kinship” is the midpoint of the dam and sires’
average pairwise kinship—the average kinship value of a given individual and every other
individual in the pedigree, including itself. The “Pr heterozygous offspring” is the probability
that a single offspring of the pair would have two non-identical alleles at a locus, averaged over
all four primer sets. The number of breeding attempts that individual participated in is listed in
“outcome total”. “Average copulation” is the number of breeding attempts that resulted in
copulation divided by the total number breeding attempts. “Average parturition” is the number of
breeding attempts that resulted in the birth of a joey divided by the number of breeding attempts
where copulation takes place.
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Table 2.4. Significant factors from model selection
The response variables (copulation and offspring) are both binary variables indicating if the breeding attempt resulted in a success or
failure in terms of copulation or production of a joey. This table summarizes the logistic regression model selection, where each new
factor was compared with an ANOVA tests to the intercept to see if its addition statistically improved the fit of the model. “Df”,
“AIC”, “BIC”, “logLik”, and “deviance” represent the degrees of freedom, the Akaike information criterion, Bayesian information
criterion, log likelihood, and deviance of the logistic regression of the given model. The “Chisq”, “Chi Df” and “Pr(>Chisq)” are the
X2 statistic, degrees of freedom, and p-value of the ANOVA test comparing the given model to the intercept only model.
“Model_type” indicates what subset of data was used to run the model: “pairs” indicates that all the breeding attempts with a
genotyped male and female were used. While “males” or “females” indicates that all the breeding attempts with a genotyped male or
female, respectively, were used. These last two are considered individual models, because they are only investigating a single koala in
the pair. The “Formula” column indicates the factors included in each model. All models were run with random effects of sire and
dam ID included in order to prevent pseudoreplication in the dataset. This is indicated by the “(1|damSB) + (1|sireSB)”. A “1” in the
formula indicates that the model was run with no other factors and just the intercept. “Day_length” refers to the number of hours of
sunlight on the date of the breeding attempt. “Dam_age” and “sire_age” represents the age of the female and male in the breeding
attempt. “Diff_age” represents the difference between the ages of the individuals of the breeding attempt, with the female (dam) age
being subtracted from the male (sire) age. “Estimate” is the coefficient for the given factor in the final model. “Log odds” is the log
odds for the given factor in calculated by taking the natural exponential of the estimate for that factor. The “Percent change” is the
interpretation of the log odds and reflects the change in the likelihood of the response variable occurring for every unit increase in the
given factor. A positive percentage reflects an increase in the likelihood of the response variable occurring while a negative
percentage reflects a decrease. “Unit of factor” is the unit in which the given factor is measured.
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Table 2.5. Post-hoc Power analysis of Hybrid MHC functional diversity
The analysis was run using G*Power for a logistic regression and using a binomial distribution.
The null hypothesis (in this case random mating), is Ho: Pr(Y=1|X=1) = 0.5. “n” is sample size
used in each logistic model. For pairs, our analysis achieved adequate power at high effect sizes
for both low and high estimates. For individuals, the low estimate of the power of our analysis
did not reach 0.8, but the high estimate far exceeded it. Since the true power should fall between
these two values and the pair analysis, which had sufficient power, did not detect an effect of
MHC diversity, we are confident it did not have a strong effect in our system.
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